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SUMMARY

Analytical methods are developed for determining the down-
wash environment generated by multirotor/propeller V/STOL
aircraft configurations operating in ground proximity.

These methods are utilized to compute rotor flow field and
contaminant dust cloud characteristics (including particle -

density and size distributions) for the H-21, XC-142, X-22A,
X-19A, and XV-5A aircraft. The effects of the contaminated
atmosphere on pilot's visibility, ground equipment, and
personnel are also determined for these aircraft

The theoretically predicted results are generally in good
agreement with the limited test data. Additional full-scale
test data are required to verify further the assumptions
inherent in the theory.
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STHBOLS

A.A.B constants as defined in the text

Ap particle cross-sectional area. V DP 2 . ft
-

C contrast between sight of object and its
background

CJ.Cy vall jet constants
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D diameter of rotor. ft

De effective rotor dimeter of the contracted

slipstream. ft
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Vp. -ean partic', diameter. percert finer by weight

DS diameter of standard 0.25 m btze particle,sin

Df- sax water particle diameter 1.50 a)

D.L. disc loading. lb.ft 2

d clooud penetration distance along pilot's
line of vision. ft

eA percent finer by veight of airborne particles
of size A
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eG percent finer by weight of grmund particles
of site A

(e,)mWx percent finer by weight of ground particles

of site

correction factor as defined in the text

H rotor height above the ground. ft

H,. height of dust cloud, ft

aircraft wheel height from the 4 round. ft

h vertical distance meanred from rotor plane. ft

he wall jet height (u = 0.01 us) . ft

10 backgromi light intensity. foot-lamIert

is object light intensity. foot-lambert

K logarithmic constant as defined in the text

kt terrain erosion factor

ks[ gro d effect factor

IL. YL half-distance between rotor, along the
X or Y axis. ft

', polar ccordinates located at the center of
vortex spiral

AV vertical location of dust cloud boundary
frm the center of vortex spiral

* particle Ias flow rate per unit area.
lb/sec-ft 1

particle mass flow rate per unit area along
the groud. lb/sec-ft2
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lb/sec-ft

Ni naber of particles per cubic ft of air
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slipetream = s p tJ2. lb/ft 2

qg surf e dymic pressure alonig the gromn,lb/ t

(qs)eff effective surface dynamic pressure along the
ground, lb/ft-

qsM" maximui surface dynamic pressure along th.
grounl 1, p (Us,)

2
sm , lb/It2

R rotor radius, ft

RC radius of dust cloud, ft

RV radius of vortex apiral in dust cloud. ft

r radial location. ft

$h horiumtal couponent of distance between

pilot nd object along pilot's line of sight,
ft

S $ istance froin pilot to object along pilot's

line of sight, ft

T light transiittance

Tf velocity interference correction factor

t axial distance from jet nottle exit. ft

u local velocity within the wall jet. ft/sec

average induced velocity at the ro-"r disc in

grmn effect. ft/sec
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Uman momentum velocity at the jet nozzle exit.

ft/sec

Mmisam velocity within the wall jet, ft/sec

UlN velocity of fully developed slipstrem. ft/sec

Uo SMetUm value of induced velocity at the rotor
disc. ft/sec

Ur radial velocity componet. ft/sc
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UX longitudinal velocity component alom X axis,
ft/sic

UY lateral velocity cmponent along T axis. ft/sec

UZ  axial velocity caompamet. ft/sec

U11g idwuced velocity in prmd effect, ft/sec

UOGE induced velocity out of owd effect. ft/sec

V velocity along a stream tube, ft/sec

V# drq velocity as defined in the text. ft/sec

X.YZ right angled coordinate syste with origin on
the ground

y height within the wall jet, ft
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*polar angle within vortex spiral

constant as defined in the text
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1. lrRODUCTION~

The downwash environtmrt probleus associated with VISTOM
aircraft operating in ground proxi'mity have become greatly

magnified by the new generation of high-disc-loading multi-
lift V/STOL aircraft. Due to the ccmplexity of the flow
.chaniss in the vicinicy of a liti- rotor operating in

ground effect, formulation of an exact -sathepeaticai m-wdel
for rotor downwash envirorvent is indeed very difficult.
For this reason, the previous work on the subject is limsited

to extremely speciali?ed analyses covering only a very
rarrow portion of overall rotor downwash problems. The test

information in this field consists of uncoordinated small-
scale or full-scale vodel data without proper definition of
pertinent test pararmeters. Consequently, there exists a
need for a simple nd reliable analytical ethod supplemented
by test data which can be readily applied fot prdicting
down-ash environment of various V/STOL configurations opera-
tir.g in ground proximitv.

The objective of this program is to deveLop a relatively
sidle mathematical -Adel to predict the relationship which
exists betwen V/STOL lift devices and their orientation on
the aircrift as they relate to the generation of :he contam-
inated atmosphere surrounding hovering aircraft. This model
is utilized to corute contaminant cloud size ane! shaFs.
particle density and size distributions within the dust cloud.
and the effects f the contaminant atuosphere :-n pilot's
visibility. ground equiprmentand periontel.

This mathenatical -del is based on the available rotor down-
wash tneory f-r the flo. regions where it is considered to be
most applicable., on the limited test data for the flou regions
where :he theory, is -not considered to be applicable, and an
the siempirIcai amethods for the flow regions where both the
available theory and the test data are practicall, non-
existent.

Section II :f this report presents the details of the -athe-
natical model developed under this progra.



Section III conta-,s the. cc--tuted results of the contaminant
d-rn.ash envirty-ernt for the H-N. XC-142. X-22A, X-19A. ar
XV-5A aircraft operatinrg in ground effect. Sme ( 'at data
o7 ground surface mass flow. tes obtained durirn .his
pragrw for the H-21 %elic pter are presented in the appendix.
The theory developed berein is correlated with the available
test data wherever p'ossit-le.

L ~
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11. THEORETICAL AN\ALYSIS

The dom-.nash signature of a V/STOL aircraft operating over
unprepared landing surfaces is 4efined as the resu!tant
operational cnv!ro-r ent that the aircraft generates less
the natural envirorrtent -xisti-sS prior to the aircraft's
arrival. The do%-nnash signature car be determin-d by first
defining the flow field in the vicinity of the aircraft
hovering in ground effect and then by dete-rining the
resulting dust cloud size and content associated vith this
flow field.

A FUN FIELD

The analytical treateent of the flou field in the vicinity
of a lifting rotor in ground effect is a formidable task.
Several investigators have attempted to formulate analyses
for this purpose. 4oweve-, as indicated in Reference 1,
these analyses are considered to be fradequate. More
rigorous corputer r3ethods have recent lv bwn developed to
better define the flov mechanitn durlr* ground impingement
of unifurm jets. However, these -%thods could not be applied
to the present prograp.

For this program, existing analyses ad experimental data
such as those of Relerence 2 were applied o the regions of
the dowiwash flow field w.here they w'ere cor.sideted to be
,2$t suitable.

An artist's conception of the flow field in tw vicinity of
a typical two-rotor/propeller V/STOL aircraft hevering in
ground effect is shown in Figure 1.

In order to facilitate the analysis, the flcw field of a
two-propeller/rotor configuration represented in Figure I
is subdivideo into a number of isolated fiowi regions as
shcwn in Figure T. The flcw field in each of these regions
Is as follos.

3
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1. Iae Flou Field Above the Rotor Plave tkLion I)

a. ,eoion lA

The flo field in regl.i (IA) pertains to the floa-
above the rotor plane and within the vortex (.ylinder
(see Figure :). It is assumed that within this
region the interference of adjacent rotors is
negligible; therefore. the flow field in this region
can be treated as that of an isolated single rotor.

Thus. using the inalytical methods of Reference 3.
the follow'ing relationships are obtained for the
axial and radial velocity comqponents applicable to
region (!A) of a tt-rotor configuration:

r1 rr__

r Z-HZ

Rt I'~ -

rrr

)-H
6R



w

I

In ( 1_1 _ j( z.

I4 R

(I r 3)r

As can be seen from Reference 3. the preceding
relation hips. which yield a closed-form solution
for the nonuniform velocity distribution in the
vicinity and at the plane of a liftinS rotir,
correlate well with more complex coquwter slutions
such -s those presented in Rcferencl? 4.

b. Rejion I8

This region pertains to the flou above the rotor
plane and outside the vortex cylinder. For a two-
propeller/rotor configuration the velocity field
is obtained by considering two point sinks located
at the centers of the twoo rotors. Thus. using the
coordinate system of Figure :. the velocity
components in the X. Y. and Z directions of a tw-
propeller/rotor configuration are given by-

-

X 7 -

4 3/

7



X-XL
R

X) L (YL) Z a H) 3- -3)

Y-YL

UY 7 7 ,l
a.. . ! 2

*rX-XLfY L 2 + Z)]/ 4R a R

[( .X ) ( )2] 3/2 } (5)

Because of the three-dimensional character of the flow
field defined by oqw.tiorks (3). (4). and t5). the
pictorial presentation of the streamlines is not
convenient except for the two planes of symtry, the
X-Z and the Y-Z plane.

S



In the 1-2 plane, equations (3), (4). and (5) yield:

-o U(6)

and

U' 24{(jX4L)2 (X+kL)2} 7a a

At the location corresponding approximately to the
leadlnW eie of the front rotor, i.e., 1/1 2XL/f,
equation (7) redwas to:

The secmd term of equt ion (8) corresponds to the
effect of one rotor on the longitudinal velocity
compont Ux of the other rotor. Hence, at this
location the mu~al Interference effects between the
tvo rotors mmiut to approximately 1 percent of the
total induced velocity cmponert (UX) due to an
isolated rotor.

igure 3 sbom a coamison of the results obtainable
by sm of equation (5) with the results cf the
c¢mpsteriaed analysis presented in Reference 4. Again,
a good correlatiom betwe the two methods io
Indicated.
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Figure 3. Variation of Axial Velocity Outside Vortex
Cylinder Versus Radial Distance for Axial
Distances of 0.5R and 1R Below the Rotor Plane.
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The analysis for predicting the flow field of two
matually interacting rotors, for both inside and

outside of the vortex cylinder (Region 1), applies

only to out-of-ground-effect (OGE) conditions. A

rotor operati% in the proximity of the ground
experiences a reduction In the induced velocity.

This reduction can be accounted for by multiplying
the out-c-ground-offect velocities by the ground
Correction factor, ka. This factor is determined
samiemirically as:

k- 1.0 - 0.9,A (9)

Heanc, the in"-ed in-ground-effect (UIG E ) can be
presed as follws:

- kS UG (10)

Te growud effect factor, kg, given in Figure 4

represents reasonably well the test data of Reference
5. The ground effect correctio. factor. kg, given by

eqution (9) is plotted in Figure 4. wtet the test
data of Rference 5 are superimposed. Wt~n this
figure is examined, a good correlation can be noted
between the semlempircally established kS factor
and that obtained from the test data.

Utilizing the preceding analysis, th flow field above
the rotor plane (Region 1) was cai&a;. ted; the non-
dinmmslonaliaed results thus obtaln'.d are presented
in Figure 5 for out-of-ground-effect conditions
(H/R> 2.0p. For ln-grounid-effect operating condi-
tions and any rotor height HIRS2.0 above the groun-d.
the velocity ,,t any point in Region 1 was determined
by multpkylng the velocity ratio obtained from
Figure 5 by the sentiu slipstream velocity (C o ) and
the appropriate k factor obtained from FLure 1.

11
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2. Flow Field Below the Rotor (Region 2)

Region 2 pertains to the flow field below the rotor plane
and within the vortex cylinder (see Figure 2). For out-of-
ground-effect conditions, this region may also be treated
analytically by use of the same method used for Region IA.
In ground effect, however, these analyses are considered
to be invalid. Therefore, in order to determine the flow
field in this region, experimental data are herein utilized
instead. Such data, though limited in quantity, are
presented in Reference 2. This reference contains axial
velocity profiles for rotor height of H/D = 0.5, and the
smoke flow visualization data for other rotor heights. These
data were utilized to construct velocity contours for other
rotor heights using the superposition method of Reference 6.

Figure 6 shows the velocity distribution (contour plots)
below the rotor (Region 2) for rotor heights of H/R = 1, .5,
and .656. This figure can be used to obtain velocity contour
plots immediately below the rotor or propeller plane of a
VTOL aircraft operating at these heights to radius ratios.
It should be noted that although the data presented in Figure
6 specifically apply to straight untwisted rotor blades, they
are considered to be adequate for the analysis of the conven-
tional rotor designs with moderate blade twist. For the case
of high efflux jets or fans, a uniform velocity distribution
at the jet exit may be assumed with the velocity reduced by
kg as in Region 1.

3. Flow Field in the Wall Jet (Region 3)

Region 3, as shown in Figure 2, pertains to the flow along
the ground (outside the vort-x cylinder) known as the wall
jet region.

The behavior of flow along the ground is described in
Reference 7. The radial velocity is zero at the rotor axis
and increases linearly to a maximum value at a radial
dirtaTice (r/De) approximatcly equal to 1.0. Then it
decreases exponentially as the radial distance increases.
The point at which the radial velocity along the ground is
maximum (which also corresponds to the point where the
pressure is atmospheric) is defined as the beginning of the

I 14
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vusil jet. Tbum, the wall j" (Region 3) *zteuds radially
raw there.

Reference 8 show that the velocity profiles at any rdi4al
station along the ground within the wall Jet rqion are
affine. The wall jet velocity profile reproduced from
Reference 8 and confirmed by experimental data of Reference 7
is herein presented in FIgure 7. This figure shows a distri-

bution of the velocity ratio u/u as a function of vertical

distance ratio (y/y) vithin the wall jet.

Reference 7 also presents an analytical treat--,nt of the flow
in the wall jet region. This analysis, however, utilizes a
free Jet decay which is not representative of the air jet
induced velocity produced by a rotor. Therefore, to obtain
the dcy of the dynasic pressure (q../, 1 ) for a rc or,

the data of Reference 9 presented herein as a plot of
qsuax/qll in Figure 6 are applieCto the present analysis. As

Ladilcated in Reference 7, the maxim radial velocity in the
wall jet (us) at any radial station (r) can be expressed as
follow:

Also, ch. distance above the ground wbere the velocity equals
half of the maxiim velocity is &iven by:

1.028- (12)

o well jet cassnts Cu and ~ca be *e3qesed as fnnctioGs
of the par-,*cen (Olk)t% (Qt)t. and (T/R)t at the

beiannLh of th vel jet as follow:
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Figure 8. Test Data on the Decay of Dynani-.c Pressure
With Axial Distance From the Jet Exit.

18



S

% 1.143

CU ki (13)

-1.028

C10t (14)

The paraeter (n/R)t can be expreased as follows:

0.654

In order to establish the wll jet constants C., Cy, and
(:,j/R) t as given by equations (13) through (15), it is first
necessary to determine the position of the begitni n of the
wl Jet (rlR)t and the maxImm velocity ratio (u ,) t at
the iall Jet.

This can be accoiplisbed by utilizing the iterative procedure
of Reference 7 as follow:

(a) Determiw rotor heiht above the ground (Hit) amd
"sum* an Initial value of (r/R)tmZ.O.

(b) Calculate an equivalent free et distance t/R using
the folluing relationship:

S106)

1,



(c) Transform the value of t/R into T/De which for

open rotors is given by:

t 0.707 t (17)
De R

(d) Using the value of (t/De) from step (c), obtain

the ratio of (qS max/qN) from the test data of

Figure 8. Then compute

urn max (18)

UN qN

where UN is the induced velocity of a fully

developed slipstream, and for an open rotor UN can

be expressed as follows:

UN- 2DL (19)

(e) Obtain the value of the average induced velocity
at the rotor disc in ground effect (U) by using UN

from step (d) and the appropriate value of the
ground effect factor kg from Figure 4:

U = k(U)GE = k UN (20)

where (Uo)OGE is the average induced velocity at

the rotor plane out of ground effect.

20
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(f) Compute the radial position at which the wall jet
begins

(1.45)0.486 0.486

(S) Repeat steps (b) throgh (f) until convergence Is
obtained for the value of the position where the
wall jet btgins. (r/IR)t.

(h) Using the final value of (r/R)t from step (g).
from step (e), and u fro- step (d), calculate V"

using the following relationship:

Aq . Um 0.11 0.88 (22)
R-I

(I) Using the values of um from step (d), (r/R)t from
step (g), and ;, from step (h), calculate (y /R)t

usin g equation (15).

(J) Finally, compute the wall jet constants Cu and r
by using equations (13) a"i (14). respectively.

4. Flow '.ithin the Recirculation Region

Rttion 4. as shownn in Figure 2, pertains to the "lout ield
between the wall jet boundary and the plane if the rotor
outside the vortex cylinder. The wall jet biurdary .s herein
defloed as the height at which the local veloctv is equji tc
1% of the -,saxim.m ground surface velocIt. (i.e..
u 0.01



The outward radial flow in the vail jet interacts with the
Inard fliw induced by the rotor, and a recirculatory flow
in this region, results. This flow phenomenon is clearly
defined in the experimental work of References 2, 10, and 11.
The analytical treatment of the flow in this region is
extremely difficult, and no theoretical solutions are avail-
able in the existing literature. Some qualitative experi-
mental data pertaining to the flow field in this region are
presented in Reference 11 and in Yigure 9. These data,
however, are no adequate for the application in the present
prosram. Due to shear flow interaction effects and small
magnitudes of the velocities in this region, quantitative
experimental data are practically nonexistent.

IlMnce, in the present approach, the analysis of the flow in
this region utilizes a number of simplifying assumptions,
the validity of which mist be determined experimentally.

As defined previously, the external "low along the upper
boundary of the well jet (u 0.01 usax) is practically

stationar; i.e., the axial and radial velocity coonents
are considered to be zero.

Furthermore, it is herein postulated that the assumptions
inwrent in equation 110% will also apply to the recircu-
lation region, provided that the required boundary conditions
at the wall jet and at the plane of rotor disc are satisfied.
One way to achieve this is to multiply equation (10) by a
correction factor F which varies linearly from Fh 1.0 at
the plane of rotor disc to Fh :- 0 at the boundary of the
wall jet.

T us. equation (10) becomes

VICe k& ' Fh (23)

Using Figure 10, the correction factor Fh can be obtained

as follows:
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Substituting equation (24) into equation (23), the induced
vlocity In the recirculation region at any radial stetion r
and at any vertical location (h) below the rotor 4isc plane
can be expressed as fol lows:

, E 1  (25)UIGE k& U GE ( -ho )

5. flow in the lnteraction Pla ,% (.gifon 5)

The flow in legion 5, as showm in Figure 2, pertains to the
flow in the interaction plan. where the dowash from the
two rotor/propellers met. Along this plant, the dowvu-ash
velocities fr the two lift devices interact with each other,
and the resultant flow Is Iturned upward. For side-by-side
rotor/propeller ronfigu-ations. this upward flow is restralred
by the fuselage and is di-ertd horizontally along the longi-
tudinal axis of the aircraft. For tandem configuratio,.v with
*o rotor overlap, the interaction plane is along the lateral
axis of the aircraft; hence, there is a minim fuselage
restraint, and practically all of the resultant flov vil be
turned vertically uprrd.

Conceptually, the interaction plane can be considered as a
thin vertical wall (no flow through the vail) at which the
radial flcv alone the ground from each rotor is deflected
along the verticat plane at the sa angle as if the ground
flou continued (see Figure 11). Thus, the dynaic pressure
(or the corresponding velocity) at a point In the inte-action
plane can be considered to be the sa as if t.h flo%. from
the single rotor continued along the ground at the same tctal
distance from the rotor axis.

The test data of Wference 12 sho that the resultant
velocities along the interaction plane due to two r-tors are
greater than those for an isolated rotor at the sa total

25
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radial distance. These data h, .e been utilized to develop
a w1ocity interference correction factor, Tf, which is
presented as a function of a total radial distance from a
single rotor in Figure 12.

Using the raenclature of Figure 13, th horizontal and
vertical velocity components VH and Vv can be expressed as

follows:

VH = Tf ur(X/R) (26)

VV = Tf u,(Y-L)i/ (27)

B. DOWWASH SIGNATlRES

1. Dust Cloud Size and Shape

As discussed previx sly, the impingement of rotor doqwm-ash
on the ground results in a high-velocity flo.- along the ground
and the subsequent erosion and entrainment of ground particles.
These particles, onct eroded, are transported aloft by the
fl&- field generated by the hoverin aircraft and thus form a
dust cloud. References 9 and 13 indicate that Lhe particle
erosion upon a specific terrain is a function of the mxiumm
dynanic pressure tqx) on the ground and the terrain erosion

factor (kt) which is dependent on the terrain characteristics.

As noted in Reference 9, the parameter which governs the
particle terrain erosion is related to the effective surface
dynamic pressure which can be expressed %s follou":

qs)( MAX
( efft
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The terrai- erosio.n factor, kt . is given by*

kt D P PP(29)

This terrain factor relates the terrain characteristics.
i.e., terrain densitv and nean particle size, with water
droplet size and densl:V. 'ater droplet size was obtained
from Reference 1-.

Frow the film data, which were obtained by the Nine Safety
Research Corporation as a part of the test program reported
in Reference 15. it is determined that the dust cloud radial
boundary can be approximated by the radial distance along the
ground at which the surface efftLtive dy-maic pressure is

-.wo'wmately equa& to 1.0 (i.e., (qs)eff 1.0). Thus, the

racial location of the dust cloud boundary can be readily
obtained from equation (28) using the wall jet and the inter-
action plane analyses presented in Section II. A. The
resulting dust cloud radius (bowdary) can be expressed as
follows:

-.'37
c L[cl p _ (30)

where C1  0.5 for regions outside tbe interaction plane and

C1  1.1 along the interaction plane.

The height of the dust cloud (maxi-tm vertical location of
the cloud boundary) can be approximated by considering the
path af the rotor blade tip vortices as they spread along
the grole. Mle ground spreading of the rotor blade tip
i'ortices is believed to be the pri-tary cause for the cloud
roll-up observed fron the filn data.
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A detailed analysis of the behavior of this vortex systen
along the ground can be made by replacing the continuous
cylindrical vortex sheet with a finite number of discrete

wing vortices. A step-by-step iteration, procedure could
then be applied to coenpute the motion, of each ring vortex
as It starts to expand along the ground. However, in lieu
of this process. -i.ich is complicated. time consuming, and
uould require a coteputer solution. an attempt was made to
analyze the rol--up process utilizing an a;.alogy of the
vortex sheet shed from the trailing edge of a lifting wing
.s schematically shown in Figure 14.

It can be seer that the vortex pattern behind the lifting
wing Figure 14(b)) exhibits a flow mechanism very similar
to that showrn along Sectio- A-A (Figure l(a)) of the ring
vortex sheet generated by a liftng rotor. The main
difference between the flou nmechanisrt of the cylindrizal
vortex sheet of a rotor and the vortex sheet of a lifting
wing is that the former roils up ana for-s a torus r-ng
while the latter rolls up into two line vortices.

Using the above an..!ogy. c-onvertrioai wing vortex theiry such
as that presented in Reference 'a is applied to predict the
center of the vortex care. Lsing the rixtenclature of Figure
14(a), the coordi-ates of the center -f the vortex core for
ctvplete roll--up can be expressed as follows:

R% 0.785 ki ( 31)

z v  0 3 29 Rc ( 32)

Once the center of the core is defined, the cloud roll-up is
approximated by a logarithmic spiral relationship given by:

A ea(# " #.) (33)

where a and #. are constants wich car. bt detern.ned 4y

apply-:.ng the t %r4,-*r cond tions of * Ci dher £ c -.
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and r t/2 when £ Z,. Applying these boundary condi-
tions to equation (33). there results:

a -tc-R%/ (34)

Thus, knwing the radial location of the dust cloud boundary
(RC ) and the constants a and *o, the vertical location of the
dust cloud boundary measured from the center of the vortex
spiral can be computed by substi'utinS # - ut/2 in equation
(33). Th-s,

k' e ( v_. o) (36)
e 2

The total dust cloau* height .easured from the ground is then
given by:

2. .Clouxd Content

. . Part -lc Density Distribution

(l F a- Field oenity Distributir

an the far field fl-vw region aft VTOL a.rcr f-
(i.e., the regiow frn the start of the e
to the bou-darv Alf the clud). the parti-.ce
dertsitv distributiar. -athi-l the cloud z e '
based ..n the an-lysis P.ese'tec ir Rect:Cn<CA. *7.
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By assuming particle characteristic paths and
by considering the rate of loss of noentum of
the air due to particle movement, a sOL
empirical expression is derived in this
reference which gives the particle mass flow
rate along a lane of unit vidth for the case of
constant wind blown over desert sand. This
exprebsion is given as:

C2 p V (38)

where the constant C2 was found experisenoally
to be CZ 1.5 for nearly uniform sand, C2  I8

for naturilly graded sand, and C2 = 2.8 for sand
with a wide range of gra'n size. The parameter
V. is given by:

v*. (3 1

Reference 17 defines (r) as shearing force or
drag per suare ca of grouid surface parallel
to the wind direction. Also. V., which is

merely a zathumaticai symbol. is defined as the
drag velocity which is directly proportional to
the rate of inc vase of the wind velocity with
the log-height. Since the velocity and the
log-height have a straight lI.e relationsh.p,
V. is proportional to the tangent of the angle

wtich this straight line or velocity ray sakes
with the height ordinate. The proportionality
constant is determined experimentally to be
5.75. Furth-nm..re, Reference 17 shows that if
the wind velocity close to the sa-face is
plott -d aai-st thw log-height, the zero wind
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velocity occurs at a certain smil but definite
height above the ground surface. This height
is found to be associated w-ith the size of the
izregularities which constitute the surface
roughness and is approximately equal to 1/30
the diameter of the grain size 3n the surface.

In utilizir the results of Reference 17, it is
now necessary to relate the aatheoatical param-
eter V* to the parametcrs in the bomndary layer
of the rotor vail jet flc .f For this purpose
the boundary layer thickness (y.) in the wall
jet flow is herein defined as the vertical
distance at which the wall jet velocity is a
aaxiiinm.

Although the velocity in the rotor wall jet flow
is nomrnfor. (see Figure 7) as compared to the
unifor cronstant) ambient wind velocity assued
in Reference 17, it is believed that the flow in
the boundary layer will be analogous for both
typts of flow. Therefore, the drag velocity V.
within the boundary layer of the wall jet flow
can be expressed as follows:

V.0)

5.75 D P o

where y,. the boundary layer thickness in the
Vall Jet. is obtained frcoy Figure 7 as

YK
- O.11l I

SThe particle x.ss flouw rate -, per unit width
can no be obtained by substituti-4 equation (.*C
into equation ()8)-
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r 1I DN*

n C P()
5.75 14a k Dp * r

Also, exaining the test data of Reference 14,
it can be noted that the particle mess fiow
rate m (lbtsec-ft'). when plotted on a log
scale versus height (2), ex'ibits linzar rela-
tionship with height, Furthermore, t;e
integrated value of a with respect to Z yields
the particle mass flow per unit width

KC

S.! U dZ (3

0

Using equation 143). the paticle x ss flou rate
per unit area m (lbisec-ft4) along the ground
can now be expressed in terms of the pa:ticle
mass flo rate per unit width ** (lb/sec-ft) as
follows.

sic I0 "I  -2.3.- (1K " 109 ao) i)

where K is a positive i.teger chosen such :hat
*ego when n ' 10 " .

In performing graphical solutions of eqjati r,
(.:.). It was determined that a value of K ? 6
did not affect the numerical values of no.
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Therefore, the value of K = 6 was utilized in

the subsequent analysis. The parameter 10 -K

represents the particle mass flow rate at the
boundary of the cloud (Hc). In previous theo-

retical analyses of the cloud constant, that
value was assumed to be zero. However, from

actual observation of the cloud patterns, it is
inferred that certain small particle mass flow
will exist even at the cloud boundary. It is
therefore believed that the representation of

this small mass flow rate by a factor of 10
-K

is more realistic than the assumption of m = 0
at the cloud boundary.

The particle mass flow rate distribution as a

function of height within the duct cloud m(Z)
can now be obtained graphically by knowing a
value of mo and drawing a straight line on a

log-m scale from mo to m = 1 0 -K at the cloud
boundary (Hc).

(2) Near Field Density Distributions

The rcar flow field particle density distribu-
tion (at or below the rotor disc) in the region
where the rotor induced flow is down through the
disc was computed utilizing the flow continuity
concept within a given stream tube. In this
approach, it is assumed that the dust particles
which get entrained from the dust cloud into the
rotor plane travel along discrete stream tubes
of the flow in which the basic law of mass flow

continuity applies. It is further assumed that
no particles are added or taken away from each
stream tube and that there is no cross flow
between the stream tubes.

If this concept of particle flow within a con-
fined stream tube is utilized, it follows that

the particle density distribution at points

within the rotor plane or in the rotor slip-
stream (near flow field) is the same as that at
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the appropriate locations within the dust cloud
where the stream tube of the rotor induced flow
immerses in the cloud. Hence, the near flow
field particle density distribution can be
computed knowing the far flow field densities
at the appropriate locations within the dust
cloud. The far flow field particle densities
can be obtained utilizing the following
equation:

(p) =m (45)
P Av U

In utilizing equation (45), the average value of
the near flow field ,sity can be approximately
obtained as that co resk nding to the center

point of the cloud roll-up above the rotor plane
(Figure 15).

Although the above approach is considered to be
adequate for predicting an average (order of
magnitude) particle concentration at or below
the rotor plane, it is believed to be inadequate
for computing detailed particle distributions in
the rotor near flow field. This is due to the
fact that some of the dust particles which
actually recirculate through the rotor disc are
those which are entrained directly from the
ground under their own momentum through the
rotor "fountaini flow" and from the recirculation
region discussed previously.

Ananalytical treatment of the trajectories of
discrete particles as affected by the airflow,
the particle initial momentum, and the aero-
dynamic and gravitational forces acting on each
particle is indeed very complicated and is
considered to be outside the scope of the present
work.

Because of a lack of such rigorous theoretical
analysis on particle trajectories, a semi-
empircal method postulated on pages 37 and 38 is

38



Rot or+

figure IS. Schinetic Representattan of Dust Cloud Goutrv.



herein utilized to obtain an indication of the
order of magnitude of dust particle concentra-
tion at the rotor plane or at the probable
I.ca. -n f e ine intakes below the rotor. The
results obtained by this method are expected to
be lower than those obtained from the tests
primarily because of the nature of the asurr-
tions utilized in the analysis.

b. farticie Size Diftributica

A method of predicting the particle size distribution
in the domnwash is presented in Reference 9. This
method is ba-d 4i the terminal velecit, principle
set forth by Kuhn In Reference 18, in wtich the free-
fall terminal velocity of a particle is equated to
the upflow velocity required to support thi.
particle. This relationship =m used t predizt nhe
izx m siaz of sptarical :- particles that cei be
sqported by a given air velocity. The results are
shmm in Figure 16, uvch is reprodued from
Reference 18.

The general procedure for determining the amimm
site particles is to first obtain the sgnitudes of
the iqpflow veloitiee in the vicinity of the rotor
operating in grouno effect. Then the maxisum size
of the transported particles is obtained firo Ftgure
i6.

Once the maximam size of particles that can be
supported by the local airflow is determined, it is
related to the distribution of particles on !.'.
ground in the following wmer. If the IXiriua site
of transporode perilef q% z-. Pr than the maxium
sise of particles available on the Xrowi, then the
distribution of particles in the air is asstmed to
be equal to that of the &rud sal. If, howver.
the predicted maximm s!u of particles that can be
supported by the local airstream is smller than the
maxiom size on the ground, then the airborne particle
distribution is modified as follows:
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At each radial station, the mezium particle size
distribution with heigth it obtalnei f ro Figure 16
where the terminal velocity is a local resultant
velocity determined in Section II. A.

C. D4N3dI SIGRA7IM EM

Presented i this section iis a t-ief analysis of the effects
of rotor downwash environment on pliot's visibility, engi.e,
ground eqtiowft, and persomel.
I. Plobt's Vielbility

One of the potential izazards of operating a ViSTOL aircraft
in groud proximiry is the loss of pilot's visibility due to
the dust cloud formation generated by the rotor downwash.

The process of seeing involves the reception of light
impressions by the eye frcm the sighted object. These light
Iyrenssions are very amah do t in the contrast between
ob Uct w%4 bei--outmi, the absolute bac&;ground light
intensity, and tne geistric &le tri object extuw' -
sulted at the eye. The relationship between these parm-
etm has am' established in Refer-it 19; the resulti.
directly applicable to this stui.y have been ewtracted and
or* summrised in rigure 17.

The followiug analysis determines pilot visibility in term
of muenLm perceivabl, object siz for various distances fran
the pilot as affected by reduction of contrast and backround
lUgh intensity created by the dust cloud.

Z..iv fIawm a 20, the visibility reduction in terms of
cow*rat roadction. C, due to the contineted &tnoephere
I. gven by:
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c C' c , T (47)

wbere the uncontaminated contrast C is given by

I -I
C -O (48)

1o

Assmizn that the b (terrain) intensity is indepen-
dsm of distae and cloud density, i.e., 10 = 1, then
eauation (47) reduca to

C Tt (49)

In eq atiOn (49), the parater T represents the light trans-
ittance which i defined as the ratio of light intensity
mnttd by the object placed %-ithin the dust cloud to that

utinn the object is sighted in uncontailnated atmsphere.
? light transimttance T can be expressed as follows:

T - *Ad (W0)

In the abae equation, the numer of particles per cubic foot
of air, N, can be obtained by earing that all airborne
particles are equal to the an particle alse of the terrain.
Using this sesWtion, equation (56) can be eprwssod as
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The ge,-vrric parameters -hich affect pilot's i,. .';' are the
cloud penetration distance kd) measured along the pilot*s
line of vision to the object and the horizontal distance (Sh)
fron the pilot to the object. The cloud penetrat.,'n distance
(d) it deterined krwing the height (size) of the sighted
object and Zhe dust cloud geometry pieviously deterairned.
The horizontal distance (%) between the pilot and the object
can be obtained from basic geometry.

Thus, using, the nomenclature of Figure 18, the distance (Sh)

can be expressed in terus of radial distance (r) measured
from the rotor centerline, the heading angle O relative to
the object an the aircraft geowetrv

Sh r- - C' - 2rC cose (S2)

wtere

-sin 4- O-

,nd

W5
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Figure 18. Pilot's Line of Sight Relative to Vehicle.
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2. Engine and Equipment Damage

The rotor downwash environment generated by high-disc-
loading V/STOL aircraft can cause severe damage to aircraft
components (engine), equipment, and personnel placed in the
vicinity of hovering aircraft.

No specific analytical methods are available to predict
the degree of such damage. However, some information on
this subject was obtained from the pertinent wind tunnel
and full-scale flight tests and is presented in Section
III. C.
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III. DOWNWASH ENVIRONMENT RESULTS FOR VARIOUS V/STOL AIRCRAFT

Although the analytical methcds presented in the previous
section are completely general, the application of these
methods for predicting the downwash environment of a spe-
cific V/STOL configuration requires minor modification to
properly account for the number of lift devices, aircraft
geometry, and terrain conditions.

These methods have been used to predict the contaminant
cloud characteristics for the H-21, XC-142, X-22A, X-19A, and
XV-5A V/STOL aircraft operating over silty sand. The results
obtained for these aircraft are presented below.

A. FLOW FIELD

1. Flow Field Above Rotor Plane (Region 1)

The nondimensionalized velocity profiles of the flow field
above the rotor plane (inside and outside vortex cylinder -

Regions 1A and 1B) applicable to the H-21, XC-142, X-22A,
X-19A, and XV-5A V/STOL aircraft configuration are presented
in Figure 5. The dimensional values of the flow field for
each aircraft can be obtained by multiplying the non-
dimensional values of Figure 5 by the corresponding average
momentum velocities of the fully developed slipstream of
each aircraft and the appropriate ground effect factor given
in Figure 4.

2. Flow Field Below Rotor Plane (Region 2)

The velocity profiles below the rotor plane (Region 2)
applicable to the H-21, XC-142, X-22A, X-19A, and XV-5A
V/STOL aircraft are presented in the nondimensional form in
Figure 6. The dimensional values of the slipstream velocity
for each aircraft can be obtained by multiplying the values
of Figure 6 by appropriate average momentum value of the
induced velocity at the rotor plane.

3. Wall Jet Flow (Region 3)

Using the analytical methods developed in Section II. A. 3
and the aircraft geometric parameters listed in Table I,
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TABLE I

, IETi U c A.... -. AICRAFT

Rotor Heiglht
Gross Rotor /Prop Di sc With Wheels

Aircraft Wei~h Diamter Loang on Gy W
(It (f t0 (PsfD(

M-21 13,000 44.0 x 2 4.28 16.0

XC-142 37,.500 I x 4 49.6 20 (an 8 )

X-22 15, &M 7.0 x 4 103J) 7.5 (avg)

X-19 13,660 13.0 x 4 25.73 12.02

XV-SA 9,200 5.2 x 2 288.6 5.15

Sea -Level Conditions

the vail jet velocity profiles heov been ro culated for che
selected aircraft for iw els on the ground and also for
wheels 50 feet above the ground for the XC-142 aircraft.

fTte results for "ro wheal clearance of the selected aircraft
aTr. presented in Figures 19 and 20, which show the wall jet
velocity distribution at the location where the wall jet begins
and at a common radial statfon 90 feet frov the rotor center-
line, respectively. From these figures, it can be noted that
the wall let contours for high-disc-loading aircraft are sub-
stantially lower in overall thickness than those for lo-disc-
loading aircraft. It can ilso be seen that although a such
higher surface velocity occurs close to the high-disc-loading
aircraft, these velocities decrease acre rapidly with increas-
tI radial distance than those for lov-disc-losdire aircraft.

Figure 21 shows the velocity profiles for the XC-142 aircraft
operating at 50 feet whel clearance frov the #round. Comar-
in@ the results of Figures 19, 20, and 2. for this aircraft,
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it can be noted that the effect of rotor height above the
ground is to reduce the magnitudes of the wall jet velocities
at an approximate rate of 1 percent per foct height of the
corresponding vail jet %,locity with wheels on the ground.

The results of Figure 19 are replotted in Figure 22 in terms
of maximim surface dynic p'ssure 1trsus radial distance
fr the rotor centerline. This figure indicates that the
maxtum surface dynamic pressure at the radial location where
the wail Jet begins is a str"n function of aircraft disc
loading. This trend is not indicated at other radial loca-
tions within the wall jet.

4. Iscirculation flow (NILon 4)

The flow recirculation area for the aircraft having four
lifting devices arranged side by side and in tandem is
bounded by two expanding interaction planes, one along the
longitudinal and one along the lateral plane of sysmetry.
For these aircraft, the flow recirculation area as defined in
Section 11. A. 4 is comparatively small and does not varrant
special analysis,, Therefore, the computations of.the flow
field in this region were perforvime only for the H-2l and
XC-142 aircraft and are presented in Table II. Table III
presents the results for the XC-142 aircraft operating at
30 feet wheel clearance frm the ground.

Fr the results s9%own in Tables II and III, it can be noteo
that the magnitudes of the velocities !,% t-'s region ar*
quite small (less than 9 ft/sec). Furthermore. the effect
of wheel clearance (rotor height) on the UagTlitudes of these
velocities is negligible.

S. flow in the lnteraction IMion

The tions derived in Section II. A. 5 have been utilized
to coqute the horiaontal and vertical velocity components
in the interctlion plane at distances of 45 and 90 feet. The
results are presented in Figures 23 through 27 for all
selected aircraft vith wheels on the ground, and In Figure .1
for the XC-142 aircraft operating at 50 feet Aw-el clearance
from the ground. It should also be noted that since the
results presented in Figures 23 through 26 do -wt Include

$3
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Figure 22. Variac%.-'on of Niximum Surface Dynamic Pressure
Along the Ground for Various Aircraft. Wheels
on the Ground.
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TABLE I I

HJIZ1rU2AL auo"Ms OF THE VMA)CITIES* IN THE,.z~cciop a iou. wzm o rim~W

(a) H-2,1 ,

f, ft meaured

4r rotor X=50 ft X=60 ft X=70 ft X=80 ft X=" ft
lane ux UX U1  Ux UK

0 2.6 3.88 2.64 7,18 1.72

2.5 4.4 2.94 1.96 1.4 0.94

5 3.26 2.04 1.06 0 0

8 1.86 .92 0

10 0.94 0

12 0

. b) XC-142

h, ft measured
f. rotor X-50 ft X=60 ft X-70 ft
Plane L~y Of Uly

9.2 5.45 3.66

2 7.6 4.36 2.74

4 6.1 3.3 1.83

6 4.6 2.1 .914

8 3.0 1.07 0

10 1.5 0

12 0

4 .Igh -trima ft plow i M.. rl
5



?O3IZOVTAL c~I3IISOF THE VULOI TI I N TIE

ro rator X=54) ft X-75 ft X-100 ft X-125 ft

lowUY U UY lIT

0 9.46 3.18 1.62 0.99

1.0 7.8 2.54 1.21 0.66

20 6.31 1.91 0.61 0.33

30 4.73 1.27 0.40 0

40 3.15 0.64 0

so 1.58 0

60 0

*VeIoc~tteeo isFet tr Scoud
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air viscosity effects, the calculated values represent upper
bounds of the velocities to be expected in this region.

6. Contour Plots of Mxm&IM Surface Dy€ic Pressure

It is convenient to combine the velocity results conped in
Region 3 (Wall Jet Region) and Region 5 (Interaction Plane
Region) for the selected aircraft in the form of contour
plots of the maximm surface dynmic pressure along the
groud. Such comparative contour plots obtained for the
H-21, X-142, 1-22A, X-19A, and KV-SA aircraft with wheels
on the ground are presented in Figures 29, 30, 31, 32, and
33, respactively. Figure 34 shows the results for t
XC-142 aircraft operating at 50 feet wheel clearance from
the ground.

From these figures, i,. can be noted that along the inter-
action plane of two rotor configurations, higher maxium
dynamic pressures are generally indicated than those of a
single jet confliguration. This is readily apparent in
regions far from the aircraft center. Near the aircraft,
?wver, the flow in the interaction plane is nearly vertical;
hence, the horiaontal cmponent of the dynamic pressure shown
in the contour plots is smaller than that for an equivalent
single jet.

Furthermore, as was previously noted, the dynmic pressure
along the ground in the wall jet region for a low disc
loading aircraft is relatively low, but is persists at much
greater distances as cosred to high disc loading aircraft
of equivalent gross weight.

1. C1oDd Sia and ShM

The radial boundary (Rc) ard height (ke) of the dust clouds
for the selected V!STOL aircraft were computed utilizig
techniques developed in Section II. A. 1. The details of the
dust cloud shape were established utilizing good envineering
judgement based on the actual observatione wd recorded film
data of a variety of V/STOL aircraft operating in dust
enviromnt. The consistemn of the grou nd terrain considered
fur this study is loose silty s"a found at Phillips Drop Zone
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of Ywme Prowit Gromads. The ground saple selected for
this study and presented in Figure 35 shon ground particle
sine distribution by weight. Additional information o.k the
ground saple is preserted in the appendix.

Fir. 36, 37,38, and 40 show the dust clouds predicted for
the W-21, XC-142, X-22A, X-10A, and XY-SA aircraft, respec-
tIvely. These figures present the cloud sites and shopes
along both loagitudinai and lateral planes for each aircraft
for sero wheel clearance. Figure 41 shows the corresponding
results for the XC-142 aircraft operating at 50 feet wheel
clearance ft the groud.

Ftr mltirotor configurations, one or both of these planes is
the interaction plan. Figures 36 through 41 clearly
indicate the asmmetry of the cloud shapes in the two planes.
Film data such a those obtained from the test prograu
rtowted in Refer e 15 indicate that the cloud shape
resobles that of a torus, or a doqhnut, o4th its center at
te center of the aircraft.

:n order to obtain a better indication of the effects of
aircraft parameters on dust cloud size, the results of
Figures M throuh 40 are cross-plotted in Figures 42 and 13.
whicb show the variation of euma radial and vertical cloud
sies as a function of the dynamic pressure of a fully
develoed li trea for each aircraft. It car be noted
frm tbe figures that for approaLmately constant gross
weight (e.X.. CH-4T, 01-54, and IC-142 aircraft), both the
maimum dust cloud radius and height slightly decrease vith
an increase in disc loading. Prthermore, the maximum
imisni ma of the dust cloud increase appreciably with an

1inrees, of aircraft gross wv is (compare H-21 or X-22 data
with W-142 data).

Thee figures also present the available test data obtained
from the film of Referemces 15 and 21 and the upblished
test data *bt.ned st gwr.s Air Force Ikes for the selected
aircraft. Incidentally, good correlation can be noted

twen the predicted cloud sites and those obtained from the
ftLm.

The effect of rotor height on cloud sizes can be obtained by

compring the results of Figure 37(a) (sero whevl clearance)
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with Fire 41 (50 feet ttbeel clearance) for the IC-142
aircraft. It can be noted froa rtms. figures that for high
disc loading aircraft (:z-zb as the U-112). 25 percent
ri'v in cloud tl6t and about 17 pardt redsiction in
cloud radius is irilcated for a "C f:- tncrease in utwel
clearance from the ground.

2. % Ecent

a. Prticle D ill %stribtio

(1) Fr-nFeld Doitt DstirAbiao

The fir-field particle denity distribution for
the selected VWSTOL aircraft at two radial
lwcctiona, X - 45 feet and X - 90 feet, are
presented in Figures " through 49. These
results were obtaned by first computing mess
flow rate distrtbtuion and local velocities
witbLn the dust cloud using awlytical tech-
niques donoloped in Section II. Equation (45)
w ta applied to coeput* the corrpoaiug
denlty distribution. This analytical tech-
nLque e checked againt the test data obtained
for the -21 helicopter operatiugover dsert
smd. A compariuo of the theoretical results
with test data is presented in Figure 4, which
aors a good correlation of the present theory
with teost.

prom rigarea 4 thr" 49, it Can be noted that
for a Contm radial location, the particle
desity incre ses with a decrease in MEtical
distance frm the 861 .

iw tkei- D", for the radial stations closer to
tM Mt centerline (I - 45 feet). a g seter
denslyt decay rate is indicated with hsf1b
S the ground as comared to that for 1a .r
radia statiom (x - 90 feet).

The effect of rotor hei above the slow on
prtil* density distribion for the =-142
aircraft cam be aee by ari8 Fipare A5
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a

(zero wheel clearance) vith Figure 49 (50 feet
wheel clearance). It can be noted from these
figures that particle density decreases as
the aircraft lifts off the ground.

(2) t.ear-Field Density Distributions

As discussed previously, the near-field
particle density distributions at or below the
rotor disc (v:thin the vortex cylinder) were
computed utilizing the flow continuity concept
vithin a given flow stream tube. The results
thus obtained for the selected V/STO)L aircraft
are presented in Table IV, which also contains
the pertinent test data.

It can be noted from this table that the
predicted particle densities are generally
higher along the interaction planes of malti-
rotor configuratiors than along other locations
in the close vicinity of rotor planes. Further-
more, the magnitudes of the predicted particle
densities generally fall between the axlmaum
and uiniman values obtained fru the tests for
various V/STOL aircraft.

b. Particle Size Distributions

The particle size distributions "or the selected
VISTOL aircraft were computed based on the specified
groSmnd saple size profile.

This ground sample, together with the atrtbore
particle size profile at the rotor planes for the
selected V/STGL aircraft. is pretented in Figure 50.

It can be noted from this figure that the arbornc
particle slze (at the rotor plane) for the XC-142,
X-22A, and XV-5A aircraft is not =jch different frm
the ground sample profile. This itplies that
practically all size particles present in the grourd
samle will be airborne as a result of the d v,,ash
velocities generated by these aircraft.
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TAL E IV

PRWW'SCTED A.D .EASLlM AVAGE PARTICLI DMSITIES IN liE
CLOSE VICINITT OF %)D7M PLANES FORB liE .1CTM AIRRAFT

. Predicte Particle Densities at the Rotor PlanE
Densities (!1240{))

fx'raF t ,,teral Plane LoMgit~l[nal Plane

P-21 19.75 4.15

XC-1' 2 5.% 35.4

X-22A - 62.96

X-19A 17.2

XV-SA - ".9

XC-142 (50 ft beel 1.96 4.'
clearance)

P. e Particle Densities in the Close Vl, i of thRotor Panw

Densities (ft/f t3)
SOzWce of Test Data mzxium WaiLsm

Ftll-scale dual tandem test rig, 31 --

OLycoing T-53 engines
(Ratwenwie 2 1)
KAC mock-up of X-22 at en8gine

intakas (Refervace 22)

Xumm MM helicopter (Claerence 20) 8.0 2.7

i MM helicopter bovering near 24.5 5.A
an HM helicopter (Reference 20)

Vrtol Mbdol 107 helicopter 7.5 1.0
(Reference 23)

H-21 at r (Reference 15) 31 2.8
64
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The correspondize airborne particle sizes for the
M-21 and X-19A aircraft are appreciably smaller
than the ground sampe slzes.

Figure 50 &Is* contains the test data obtained from
Referetce 15 for the 14-21 helicopter. In general,
good correlations are indicated botwen the
predicted anid measured particle sizes. Plore
detailed Information an these tests Is presented in
the appendix.

The wauimm and mean (50 percent finer by weight)
particle size distributions for the 1-21, ZC-142,
and XV-SA are presented In Figures 51, 52, anid 53,
respectively.

Tb.se figures show the variation of particle size
(diter in m) with height above the ground1 for
constant radial locations of X -45 feet axid
X - 9 feet.

It can be noted from these figures that for a
constant radial location, the maximu six* of
particles reduces with Increasing hei~ght. Also, for
a constant height above the grounid (e.g., 7 feet'),
larger maxiwj size particles can be fowuW further
away fr, the aircraft (X -%9 feet). This latter

trend Is a function of aircraft disc loading. height
above the grounid, and aircraft geometry; it may
reverse depending on the cominat ions of these
parameters (e.g., sw* Fagure 51 for height*, oi less
then 5 feet above the grund).

c ffect Of TRerra

The rotor downwsh signatvwes thmus tar discussed are
strong~ly dependent on the type of terrain and the
dynamic pressure generated by the lifting aircraft.

As reported ina Reference 9, the point of incipient
erosion for a&y terrain can be related to the
aircraft's disc loading; thu~s, the criteria under
whzicha the rotor downash will create a dust cloud
for a given terrain can be established. The data
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Maximum Particle Size

- - Mean Particle Size

TEST DATA (FROM THE APPENDIX)

ii Maximum Particle Size (X=65 ft)

0 Mean Particle Size (X=65 and 90 ft)

15£
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*d 10 _ 90.... ..
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5i _
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23 45

Particle Size, mm

Figure 51. Particle Size Distributions

for the H-21 Aircraft.
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Figure 53. Particle Size Distributions
for the XV-5A Aircraft.
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for the incipient erosion of various terrains as
presented in Reference 9 are summriaed in igure 54.
As can be noted frm this figure, terrains such s
silty sad or water can be eroded by all aircraft
considered in ;LU study; crusbed stoe, piwed
earth, or soaked sand will be eroded only by the
ZC-142 or X-22A; and packed lean clay viii be eroded
only by the IV-SA.

C. DMIMSIOUA1WE MVUCI

Presented in this section are the results of the effects of
rotor dowamish eavirmnt on pilot's visibility, o.n&ne,
SroWM equpment and personnel.

1. flo q's Visibility

?he computations of pilot's visibility as affected by the
dust cloud wore performed assouming the object and backgrow
light intensities in the unctenioted atmospbere of
is . 0.2 foot-lambert and 10 - 0.1 foot-laIert, respectively.

In afdition, the aircraft beading relative to the otjoct was
taken 45 degrees along the pilot's line of sight. Al-
though the prime concern in pilot's visibility through a
dus cloud is an uaipared ground reference, the reduction
in pilot's visibility is herein comuted in term of .lght
tra ttance (T) as a function of object height obove the
grouad.

The results which were obtained for the five s.tlected V/SlOL
aircraft are presented in Figures 55 throgmh 60, which show a
reduction of light tronsdttance with reduction in object
height. This trend occurs a to an increase in particle
dmlt ad cloud penstrotio distance as object height from
the ground is rduced. Pbr a constant object height. the
variation of light transmittance with horituntal distonce
from the pilot to the object depends on the diet cloud
characteristics i% aircraft S.ovtry (e.o.. a-,, 7 S5
with Figure SS).

For direct comparison of loss of pilot's visibility from
variom V/STOL aircraft, tb2 light transaittance resu!ts
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(Fire s 55 through 60) were itilimad to cWt e urnim
perceivable object size for I foot object height above the
ground. Thoe results, together vith the ur-contminated
atsPhre data, are presented in Figure 61. In general,
Figure 61 shows an order of mat4tue reduction in pilot's
visibility due to the dust cloud for all aircraft as
C aNrd to the visibility in uncontalneted atmosphere.
Varlatlons of visibility for specific aircraft are functions
of aircraft disc loadims, gross weight, and orientation of
the pilot with respect to the sighted object. The latter
variable affects both the depth of penmwaration in the cloud
(d) and the distance to the object (Sh). both of these
parators are isportant in determining the ulnimum perceiv-
able object size. Effect of distance from the pilot to the
object is demnstrated in Figure 61 by camrig the results
of perceivable object size for the IC-142 aircraft for zero
and 50 feet udml clearance. Even though particle density
clos, to the ground Is sLgnificma~ly higher for zero wheel
clearance then for 50 feet heigt, the visibility in te-.m
of object size is better at lower height due to the reduced
distance. Sb.

2. NMOOn Deae

Another significant effect of dowmiash signatures Is that on
engine dawqe. The discussion presented below outtines the
types of d eang to engine cocpnts and the resulting
effects on engine performance. Also, the effects of sand
and dust filtration on extending engine life and improving
aegine performane are dlicussed.

a. Rg e of §iWne C'onEnts

based on the test .ta presented in Deferencus 22
through 27, the following types of turbine enine
d~mege hae been incurred by operation of varlowa
types of engines in a sand and dust ervircment:

(1) Compressor blade leading edge being and

(2) C~mmre.oor blade trailing edge rounding.

102



S

.12 _ -- ,

Ft X-22A

.10 N1-21 and

VA 5-08

iJ

XC-142
(.1. 04

.02 .... o... ...da~ . ....

0
0 20 40 60 80 100

Horizontal Distance From Pilot to Object

FIgure 61. Perceivable Size of an Object Sighted Through
Dust Clouds Generated by Various Aircraft.

103



(3) Eroion of ccqiressor blade tips and stator
va roots.

(4) Scale-like dirt accumulation.

The leading ede bmding and peening of the first
and possible second stage compressor blades is
zaused by ingestion of lane size particles (greater
than 200 aicros). These particles, which are
subsequently reduced in size through a direct ipact
on the first stage compressor blades and the small
size particles (less than 200 micro) directly
ingested, cmse trailing edge rounding of compressor
blades in the second and succeeding stages.

The Ingested sand and dust which is centrifled 9ut-
ward as It proce & x1ally causes erosion of
compressor blade tips and stator vane roots. As a
result of this dame, the msa distribution of both
compressor blades and stator vanes changes such that
the natural frequency of the compressor blades is
increased while that of tLe stator vanes is rweuced.

Scale-like dirt has bem found accumlated on diffuser
combastion chmber and other e*Mine ccompo ts after
proloned eie operations in continated atmos-

b. Detctriorst&gS in EZWAe Perf, .4uemc

As show in Aeferences 22 through 27, sand and dust
ingestion adversely affects engine performance.
Continued operation in the contaminated atmosphere
will produce daumge which in turn reduces enine
available power and increases engine fuel consumption.

Analysis of the test data presented In References 22
through 27 Lnlcatas, that engine power loss can be
related to *he accumalated weight of ingested sand
and dust. Figure 62 presents trends of ingesttd sand
and dust weight as a Zunction of engine atrf low
corresponding to a S-percent re@kxti in eMine
norml rated powr.
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The results presented in this figure are based on
limited test data obtained for the T-53-2 engine
(Reference 25) and the T-55-L-ll engine (Reference
27). These results can be extrapolated to ocher
VISTML aircraft engines. A bandwidth of approxi-
metely _'lM. (from the available test data) is shown
Ln this figure to account for variations In
susceptibility of a particular engirte design tc
dauage and relative hardness of the contaminant
ma-erial o

FIgure 62 also stm the inont of sand and dust
wAiLcb can be ingested by the T-64(l), T-58(8). and
T-55L(S) engines, prior to 5-percent loss i- r-al
rated power. Based on these results, the trwine
endurance corresponding to the XC-142, X-.42A, a.nd
X-19A aircraft has been calculated and Is praesned
in Table V.

c. Imprvemnts Offered by Dust Filtration

Considerable improvements In engine life and perform-
ance is possible with sand and dust filtration. The
degree of this improvement, as indicated in Figure 63,
is very wch dependent on filtration efficiency of
air particle separators ir-stalled an the er4ines.
Figure 63 shows that even with the current air
particle separator des'gns (75 to 90-percent filtra-
tioa efficiency), not 4werational gain in engine
e'trance of 4 to 10 is achievable. The net opera-
tional gain is herein defined as the ratio of engine
endurance vith particle filtration (ptotected engine)
to that with no particle filtration (unmroto!cted
engine) corresponding to 5-percent reeuc~ion in engtn
normal rated power.

Tbe filtration efici-ency warranted for a given design
is a fwiction of engint susceptibility Zo the particle
dae and engine maintenance schedule desired. A&
shown in Figure 63, the net operational gain increases
vtry rapidly with filtration efficiency bvond 80
percent and becomes large at 100-percent filtration
efficiency.
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TABLE V

RESULTS OF DUST INGESTION BY VARIOUS V/STOL ENGINES FOR A
5-PERCENT REDUCTION IN NORMAL RATED POWER

Sand /
Ingested Airflow P Engine Endurance

Aircraft (Ib) (Ib/sec) (1b/ft3) (minutes)

XC-142 29 24.5 7.7xi0 -5  20

X-22A 24 12.4 34.2xi0 5  7.2

X-19 22.5 10.7 2.7xi0 - 5  99

3. Personnel and Ground Equipment Damage

This section presents the effects of rotor downwash signature
on personnel and ground equipment in terms of primary and
secondary wind damage. Primary damage relates to direct
injury to man and destruction of equipment. Secondary damage
pertains to the indirect effect of downwash upon man and
equipment such as impaired work capabilities of a man or
displace-ment of objects placed in the rotor dogwash environ-
ment.

Based on the test data of Reference 10, rotor dowrcwash
impingement can directly cause injury t. .-an. T'.e extent
of injury can vary from damage to loose areolar tissues about
the eyes at wind speeds of 100 knots, to severe confluent
subconjunctionpl hbmorrhages at speeds of 515 knots. Figure
64 graphically presents levels of direct and indirect damage
to man and equipment due to impingement of downwash velocities
generated by the selected aircraft.

Comparing the results of Figure 64, it can be noted that the
downwash velocity from the X-19A, X-22A, XV-5A, and XC-142
aircraft at respective distances of up to 13, 20, 26, and 36
feet can cause a serious injury to man's eye areolar tissues.
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Also, the design limitations of MUST structures can be
exceeded in the downwash environment generated by the four
aircraft at distances of up to 21.5, 26, 31, and 41.5 feet,
respectively. These design limitations of MUST structures
would not be exceeded by the downwash velocities of the
H-21 helicopter. Canvas tents can be blown down by the
downwash velocities of each of the five selected V/STOL
aircraft. These velocities can cause a sew 'e penetration
and abrasion of equipment with particle sizes of up to 300
microns. This type of equipment damage can be incurred at
distances up to 40 to 60 feet from each aircraft.

In general, it can be stated that the high-disc-loading air-
craft such as the XC-142, X-22A, X-19A, and XV-5A are poten-
tially capable of generating a more hazardous downwash
environment to man and equipment than the low-disc-loading
V/STOL aircraft such as the H-21.
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IV. CONCLUSIONS AND RECOMMEUATIONS

1. The analytical methods presented herein for predicting
rotor downwash signatures generally correlate well with
the limited test data.

2. High downwash velocities generated by high-disc-loading
aircraft decay much more rapidly than the low velocities
generated by low-disc-loading aircraft. As a result,
the latter velocities generated in ground effect persist
at greater radial distances along the ground.

3. For the type of terrain analyzed, the size of a dust
clovd generaged by a V/STOL aircraft is primarily depend-
ent on aircraft gross weight rather than rotor disc
loading. The maximum cloud sizes reduce slightly with
increasing disc loading (constant gross weight) but
reduce appreciably with reduction in aircraft gross
weight.

4. The pilot's far-field visibility through a dust cloud
depends upon the density and size of the cloud and the
location of the sighted object relative to the pilot.

5. Sand and dust ingestion in V/STOL engines causes severe
damage to engine components, thus reducing engine life
and re-iting in appreciable ,educticor i& engine perfomii_
ance. Particle separators with filtration efficiencies
in excess of 80 pe rcent are required for any VTOL aircraft
for sustained operations ii sand and dust environment.

6. High-disc-loading aircraft are potentially capable of
generating a more hazardous downwash environment to man
and equipment than low-disc-loading aircraft.

7. It is recommended that further tests be conducted to
define better and to confirm more firmly the analytical
methods for predicting the rotor downwash signatures.
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APPENDIX
SURFACE EROSION TEST DATA

In conjunction with the tests at Yuma conducted by MSA
Research Corporation (Reference 15), this contractor obtained
test data on the weight and size of particles entrained from
the ground and transported along the wall jet.

The dust particles were collected in specially designed
particle traps which were located in the vicinity of the H-21
helicopter hovering in ground proximity. The particle trap
layout used during the tests is shown in Figure 65. The

particle traps were made from 2-3/8-inch-inside-diameter
plastic tubing. The shape of the bastc trap was a "T" lying
on its side. The leg of the "T" was the intake for the
contaminated air, and a cup was provided on the bottom for
collecting the dust sample. A wire mesh screen shaped into
a cone with a surface area five times the inlet area of the
trap was attached to the top of the trap. This was used as
a filter which collected the dust particles while permitting
the now clear air to flow out of the trap. The filter screen
was made from 200 mesh wire cloth with 33.6-percent open area.
The size of the screen openings was 0.0029 inch.

Six particle traps were mounted on a boom to a height of 10
feet, as shown in Figure 65. Two booms with a total of 12
traps were used for these tests. The location of the booms
was varied from the fiont to the side of the helicopter
depending on the sampling method selected for the particular
test.

During all tests, a target was placed in the pilot's view,
providing him with heading and distance information from the
first sampler location. The pilot approached the target
point, hovered at an altitude of approximately I foot wheel
clearance for a specified period of time, and quickly backed
away from the test area.

Data were obtained for a total of nine tests; four of these
tests were selectud as providing the most reliable data. The
results for the remaining tests were questionable because of
the conditions encountered during testing; i.e., the
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S

excessive surface winds, the poor orientation of helicopter
with respect to the samplers, the undeterminable time of
operation of the helicopter in the vicinity of the samplers,
etc.

All samples collected were analyzed by the Vicksburg Water-
ways Experimental Station. The following information was
obtained:

1. Weight of particles.

2. Size distribution of particles for selected
samplers.

3. Maximum size of particles found in each sample.

The test data for Test Condition I, Run No. 5 and Run No. 7
and for Test Condition II, Run No. 4 and Run No. 9 are
presented in Tables VI, VII, VIII, and IX, respectively.
These tables show particle mass flow rates measured along
longitudinal axis (Test Condition I) and lateral axis (Test
Condition II) of the H-21 helicopter. The collection of data
from both the front and side of the aircraft was performed to
determine an- variations that might exist in surface erosion
due to the downwash interaction effects of the two rotors.

The results obtained from these tests at two radial stations
from the front and sides of the H-21 helicopter are
summarized in Figures 66 through 69.

The mass flow data are presented in Figures 66 and 67 for the
front and side of the helicopter, respectively. The flow
data are given in pounds of sand collected per second per
unit area and are plotted as a function of height above the
ground.

In Figure 66 the mass flow rate of particles meabured along
the front of the H-21 helicopter, as expected, is seen to
decrease with increasing height above the ground. What is
unusual, however, is that with the exception of the region
very close to the ground, the flow rate increased with
increasing radial distance. This is contrary to data
obtained in Reference 13 for the 2-foot ducts. These data dre
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sup*.imposed on Figure 66 for comparison. The observation
of the sand flow along the ground as reported by the pilot
confirms the results obtained during this program. According
to the pilotts observations, the entrained sand started to
erode just in front of the first row of samplers and billowed
upward to engulf the aft row of samplers completely. As a
result of this flow mechanism, a majority of the sand
particles were trapped very close to the ground by the first
row of samplers and at higher !ocations from the ground by
the second row. More data are required to define the point
where the cross-over of flow rate will occur.

The flow rates along the side of the helicopter were obtained
along a plane midway between the two rotors perpendicular to
the longitudinal axis of the aircraft (interaction plane).
These data are presented in Figure 67 as a function of height
above the ground for Lwo radial stations. The flow rates as
shown in this figure are very similar to the data obtained
along the front of the aircraft both in magnitude and varia-
tion with height. It appears that the amount of eroded
particles does rot significantly change due to the interaction
of the two rotors even though the particles are transported
further out radially.

The size distribution of particles collected in the samplers
has been obtained for the same test conditions as those
described previously. The results are presented in Figures
68 and 69 for the front and side of the helicopter, respec-
tively. From these figures, it can be seen that the particle
size reduces with an increase in both height above ground and
radial location.
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